Abstract: In this paper, we report the experimental study of synchronous nanosecond pulse generation in an array of three coupled erbium-doped ring fiber lasers. We obtain the pulse generation by means of an amplitude modulator placed in one of the cavities and through the nonlinear energy interaction between the modulated cavity and the other cavities. Synchronous pulse generation is achieved in the array by an appropriate selection of coupling ratio between the cavities and the matching of cavity lengths, as well as the frequency modulation. We confirm synchronous generation through the phase diagrams and the spectral emission.
Introduction
Fiber lasers are attractive due to their compactness, high beam quality, and low cost. Specifically, pulsed high-power fiber lasers are of interest for various applications including medical diagnostics, remote sensing, material processing, and nonlinear optical processes [1] - [3] .
A laser array system offers the possibility to generate laser sources of high intensity through the combination of the coupled cavities in the system. In several papers, it has been shown theoretically and experimentally that the main requirement to obtaining synchronous generation and coherent combination in these systems is the power interaction among the cavities [4] - [7] .
In this context, synchronous pulses have been obtained by phase modulation in a mutually coupled fiber laser array [6] , [8] . Pulse generation is achieved by including a phase modulator in one of the lasers. The other lasers are coupled to the intracavity phase modulated fiber laser via a fiber splitter. The phase modulation of the first laser leads to well synchronized and phase-locked pulsed fluctuations of all the laser intensities. Furthermore, the coherent addition of synchronous pulses was obtained, and neither active phase control nor polarization control was used in the experiments.
Furthermore, synchronization of two pulsed fiber ring lasers based on direct phase modulation has been reported [9] . In this case, the phase modulator is placed in the common path, and a mutual injection makes the electric field in one laser be strongly coupled to and affected by the electric field in another laser. Fiber Bragg gratings are connected with each of the lasers to make them lase at the selected wavelength. The pulse duration reported was around 10 s with an average output power of 7.5 mW. However, as a consequence of external perturbations, like vibration and temperature changes, it could be difficult to maintain stable phase locking for a long time. In addition, the coherent combination of the two mutually coupled fiber ring lasers was realized.
We reported synchronous pulse generation in a multicavity fiber laser system (MFLS) with two erbium-doped fiber laser cavities in a previous experimental work [10] . The pulse characteristics in that system had a pulse duration of around 20 ns and an intensity that was 2.5 times greater than in a single erbium-doper fiber laser. The synchronous regime was possible only when the modulation frequency coincided with the fundamental cavity frequency.
In this paper, we present an experimental study of a MFLS consisting of an array of three coupled erbium-doped fiber lasers. We demonstrate that synchronous pulse generation is achieved by the energy interaction of one active modulated cavity with the other cavities in the MFLS. In the context of this work, the energy interaction is considered as a process of modulation, and only the modulated cavity is responsible for providing modulation to the other cavities in the system. In this sense, in our experiment, we do not need the coupling between cavities without modulator. Additional elements are not necessary to obtain the same emission wavelength for each one of the cavities, such as fiber Bragg gratings or additional variable ratio couplers between cavities without modulator, as was the case in [8] and [9] . Neither polarization maintaining fiber nor any kind of polarization control is used in our system. The characteristics of the pulses generated in this system are evaluated by the synchronization diagrams, as well as by the emission spectrum of the cavities.
Experiment
The experimental setup consists of three independent erbium-doped cavities in a ring configuration, as shown in Fig. 1 . The pumping source for each cavity is a semiconductor diode laser with a maximum output power of 120 mW at 980 nm. The pumping power is coupled into the active media by means of a 980/1550-nm wavelength division multiplexing (WDM) coupler. The gain fibers were 5-m-long single-mode Er-doped fibers. In order to be sure that there is unidirectional propagation, an optical fiber isolator is placed in each cavity. An amplitude modulator is inserted in one of the cavities in order to achieve pulse generation, and through the interaction of the energy of this cavity with the others, it is possible to obtain pulse generation in the entire system. Such interaction among cavities is achieved through two variable ratio couplers, which are placed as shown in Fig. 1 . Finally, with the use of an 90/10 output coupler, 10% of the intensity of the radiation that comes out of each one of the cavities is measured, whereas 90% is used for feedback. The length of each cavity is approximately 19.5 m. The output couplers are connected to corresponding ultrafast photodetectors, which are connected to a digital oscilloscope.
We take special care in the design of the cavities. First, the optical length of the cavities is matched for the entire system. A second aspect regards the position of the variable ratio couplers, in order to achieve a temporal coincidence of the pulses in the couplers. The positions of the variable ratio couplers must be carefully defined. The synchronous regime can be reached placing the variable ratio couplers in any place inside the cavities. However, we observe that when they are placed at the half of the optical path length of the cavity, the synchronous generation regime reaches the best quality of the pulses, the minimum pulse duration, and the high intensity.
Synchronous Pulse Generation
As it is well known, an amplitude modulator allows stable active mode-locking and generation of ultrashort light pulses can be attained. In our system, the amplitude modulator is inserted in only one of the cavities; we will call this the modulated cavity (C1). When the neighbor cavities (C2 and C3) are coupled with the modulated one with an appropriate selection of coupling strength between the cavities and modulation parameters, synchronous pulse generation for the fiber laser system is achieved. We highlight here that the energy interaction occurs only between the modulated cavity (C1) and the other cavities (C2 and C3) in the system. The cavities without a modulator (C2 and C3) are not coupled to each other, as can be seen in Fig. 1 .
The system is versatile regarding the required modulation. In our experiment, we applied different harmonics of the fundamental cavity frequency, and it is possible to reach stable synchronization in each case, the pulse performance keeps unchanged (for a ring resonator, cav ¼ c=L opt is the cavity fundamental frequency, where c is the velocity of light in vacuum, and L opt is the optical length of the cavity). The cavity fundamental frequency for our experimental setup is 10.3 MHz.
In Fig. 2 , we present the temporal emission from the MFLS. In this figure, the frequency modulation is 10.3 MHz. The coupling ratio among cavities is 94%. The pulse duration is 2 ns with an energy of 177.6 pJ for the modulated cavity and 136.8 pJ for the neighbor cavities.
In the oscilloscope trace in Fig. 2 , we observe that the modulated cavity C1 has an intensity that is 20% greater than the neighbor cavities C2 and C3. In our opinion, this performance is because of the fact that the modulated cavity (C1) accomplishes the nonlinear energy interaction with the two cavities without a modulator (C2 and C3), which results in an increase of intensity from the contribution that these cavities make to the modulated cavity. On the other hand, since the cavities without a modulator (C2 and C3) are not coupled with each other, these cavities achieve nonlinear energy interaction only with the modulated cavity, and in this case, the energy contribution in these cavities is lower. To answer the questions related to the synchronous generation properties in the cavities, we use the synchronization diagram (SD). In Fig. 3(a) , we present the plot of SD for the intensity of the neighbor cavity C2 against the intensity of the modulated cavity. The SD is similar for the cavity C3 against the modulated one C1. Fig. 3(b) shows the corresponding SD between the neighbor cavities without modulators C2 and C3. From both of the plotted diagrams, we can observe that the radiation in the cavities is synchronous among them. This fact allows us to confirm that the system is working in a synchronous generation regime.
Another property of the generation is with regard to the spectral characteristics. To analyze the spectra of the array, we record the experiments in two cases: a) when the cavities are uncoupled and b) in the synchronous regime with the coupled cavities. The results are presented in Fig. 4(a) and (b), respectively. The input parameters are the same as those for the case of Fig. 2 in the synchronous regime with a coupling ratio of 94%, and in the uncoupled cavities case, the coupling ratio is 0%.
In Fig. 4(a) , we present the spectrum of each of the cavities in the uncoupled array; even though the central wavelength is approximately the same, the characteristics of emission lines are different. We consider that this difference is because the reflections effects from the elements into the cavities, and as we stated before, in our system, no intracavity polarizing elements were used. However, in the case of synchronous generation [see Fig. 4(b) ], the spectra of the three cavities in the MFLS have the same properties. Namely, the central wavelength is at 1557.47 nm, and the measured spectral width is about 0.38 nm, where the difference of the spectral widths is below 0.03 nm, which is within the experimental uncertainty.
As it is well known, the coupling ratio is the parameter responsible for the energy interaction among cavities [4] ; for this reason, it is important to study the performance of the system dependence on this parameter. In our experiment, this is achieved through the variable ratio couplers.
The behavior of the temporal pulse generation dependence on the coupling ratio between cavities is presented in Fig. 5 . The input parameters are the same as those for the case of Fig. 2 , excepting the coupling ratio. In Fig. 5(a) , we observed that for a weak energy interaction among cavities, only in the cavity with amplitude modulator C1 is the pulse generation achieved with a pulse duration of 20 ns. In Fig. 5(b) , we show that, starting from 20% of energy interaction among the cavities, pulse generation is possible in all the cavities of the fiber laser system. As the coupling ratio is increased, the pulses amplitude is also increased while the pulse duration is reduced down to 2 ns, as we show in Fig. 5(c) and (d) as well as in Fig. 2 , where the coupling ratios are 50%, 80%, and 94%, respectively. To the best of our understanding, the coupling ratio, provided by the variable ratio couplers, is similar in function to the depth of modulation in an active modulator, allowing the excitation of more axial modes as the coupling ratio increases and consequently resulting in a wider generated spectrum and shorter emitted pulses.
In Fig. 6 , we demonstrated that the synchronous regime is obtained when pulse generation is achieved in all cavities, which is at coupling ratios at or above 20%.
Another fundamental parameter to consider in the design and the construction of the MFLS is the degree of matching of the cavity lengths. A different optical path length in one of the cavities could break the temporal coincidence among pulses and then destabilize the synchronous regime. In Fig. 7 , we present the behavior of the SD obtained for different lengths of one of the cavities (C2) in the MFLS. The cavity length for C2 is 1% [in Fig. 7(a) ] and 2% [in Fig. 7(b) ] longer than C1 and C3. In this case, on the left side of the figure, we show the influence of the length mismatch of C2 over the modulated cavity (C1) and, on the right side, over the other cavity (C3). The plots in the middle represent the behavior between the cavities with matched lengths. We observe that as the cavity length is increased in one of the cavities, in our case C2, the synchronization diagrams reveal this perturbation. Effectively, in Fig. 7(a) , we can observe the lack of synchronization between cavities C2 and C1. Going further, if the difference in the optical path length between C2 and the other cavities is 2%, then the synchronization is broken.
The system shows highly stable operation against external perturbations. On the other hand, the system performance depends upon two fundamental parameters [4] . The first parameter is the coupling ratio, which is the parameter responsible for the energy interaction among the cavities that assures the characteristics of the pulses. The second parameter is the degree of matching of the cavity lengths, which guarantees the synchronous regime.
The experimental results we have presented here show a wide range of values for aforementioned parameters, which makes the synchronous pulse generation robust. Additional to these considerations, our system has advantages over others reported previously. Among those, we highlight here that no additional elements are required to obtain the same central emission wavelength, the pulses duration is shorter, and the intensity is greater than in [8] and [9] . Regarding our previous work [10] , we observe that by adding one more cavity, the synchronous pulse generation has improvements in pulse quality, such as contrast among pulses, pulse shape, intensity, as well as spectral properties.
Conclusion
We experimentally showed synchronous pulse generation in a multicavity laser system made up by an array of three erbium-doped fiber lasers using one single amplitude modulator. Based on this configuration and taking into account the synchronization regime dependence on the coupling ratio between the cavities and the matching of the cavities length, we obtain pulse durations of 2 ns in all of the cavities, and those pulses have similar temporal and spectral properties. The pulse energy is 177.6 pJ for the modulated cavity and 136.8 pJ for the other cavities.
From our setup, it seems possible to increase the number of cavities in the system while keeping the synchronous generation characteristics, opening the possibilities for improvements in pulse quality, intensity, duration, etc. We believe that such a system will find a large number of applications, one of them being the coherent combination of synchronous pulses with the aim of obtaining a source of high intensity and short optical pulses.
